General properties of the heat shock response in Vibrio cholerae were examined. Enhanced or de novo synthesis of 24 proteins was observed upon heat shock from 30 "C to 42 "C in cells labelled with [35S]methionine. A similar response could also be induced by a rise in temperature from 30 "C to 37 OC. Of these heat shock proteins, two were determined to be homologues of GroEL and DnaK, based upon their immunological cross-reactivity with antibodies raised against the Escherichia coli proteins. Three proteins, of molecular sizes 38,44 and 48 kDa, which were undetectable in the 30 "C grown culture, appeared de novo after the heat shock. As in other prokaryotic systems thermal induction of many of the proteins was transient, but both DnaK and GroEL remained induced for at least 28 min after heat shock. DNA hybridization studies revealed that genes analogous not only to dnaK and gmEL but also to dnal of Em coli exist in V. cholerae. Heat shock induced thermotolerance in V. cholerae but made the cells more sensitive to UV radiation. Unlike in E. coli, however, heat shock had no effect on the progeny virus yield in V. cholerae.
INTRODUCTION
Exposure of cells and organisms to an abrupt increase in temperature triggers the induction of a phenomenon known as the heat shock response. This response, which appears to be universally present from microbes to mammals (Yura e t al., 1993) , is characterized by the enhanced synthesis of a set of proteins, called the heat shock proteins (Hsps). Various forms of stressful stimuli, besides heat shock, can lead to the increased synthesis of Hsps and it is generally believed that these proteins protect cells from stress (Watson, 1990) . Under non-stress conditions many of the Hsps play fundamental roles in normal cellular physiology (Yura et al., 1993) .
Stress proteins are synthesized when an invading pathogen finds itself in a hostile milieu inside the host. In a number of pathogens, many of these Hsps evoke a strong immune response in their hosts (Watson, 1990) . The disease cholera in humans is caused by ingestion of the Gram-negative bacterium Vibrio cbolerae, which is widely distributed in nature in a 'quiescent' form associated with diverse forms of surface marine life (Epstein et al., 1993) . As it enters the human body it immediately encounters a variety of stressful stimuli such as elevated temperature, extremes of pH, and different available nutrients, which it has to combat successfully before it can reach the intestinal epithelium and proliferate there. How I/. cbolerae responds to these challenges is not known, as very little work has been done on the heat shock response in this organism. Until very recently a study by Parsot & Mekalanos (1990) showing the presence of the heat shock gene btpG and the role it plays in modulating the expression of ToxR, the transcriptional activator of the virulence factors in I/. cbolerae, was the only paper on the subject. It was in this context that we examined the heat shock response in I/. cbolerae. However, after this paper was submitted, another paper (Sahu et al., 1994) on the heat shock response and Hsp antigens of I/. cbolerae, which overlaps considerably with our work, appeared in the literature. Further, in another very interesting study, use of the inducible btpG promoter to express the B subunit of I/. cbolerae toxin for the construction of a live attenuated cholera vaccine has also recently been reported (Taylor e t al., 1994) .
METHODS
Bacteria, phage, plasmids and media. The bacterial strains, phage and plasmids used in this study are listed in Table 1 . Growth in LB, bacterial storage conditions and phage techniques have been as described (Siddiqui & Ghosh, 1983; Mitra et al., 1986; Basu e t al., 1993) . Composition of the synthetic medium MM9, and the procedure for adapting I/. cholerae to grow on this melum, have also been described (Chakravarti & Ghosh, 1987) . High-temperature survival profile. I/. cholerae MAK757 was grown at 30 "C to mid-exponential phase (2-3 x lo8 cells ml-'); cells were then heat-shocked at 42 OC, 45 O C and 50 OC by transferring aliquots to a set of flasks maintained at the desired temperatures in a water bath. The temperature equilibrium was reached within 1 min of transfer. Survival of cells was determined by withdrawing aliquots at various times and plating.
Cell survival just before the heat shock was assigned the 100% value.
Thermotolerance. An exponential-phase culture of I/. cholerae grown as above was subjected to a thermal stress of 50 "C, either directly or after a heat shock treatment at 42 "C for 20 min. Aliquots were withdrawn at specified intervals to determine viable cell counts.
UV irradiation. Three sets of cultures were exposed to UV radiation. The control consisted of cells grown at 30 O C as described. The second and third sets consisted of cells heatshocked to 42 "C for 30 and 60 min prior to UV exposure. Cells were diluted in MM9 buffer to 1 x lo6 cells ml-' and UVirradiated as described previously (Basu & Ghosh, 1987) .
Incident UV dose was determined by chemical actinometry (Hatchard & Parker, 1956 ).
Reproducibility of survival experiments. Each of the above three experiments were performed at least three times and for each time point duplicate samples were withdrawn. Data analysis was performed using Sigma Plot.
One-step growth experiment. One-step growth experiments (Ellis & Delbruck, 1939) were performed to determine the burst size of cholera phage $72 in I/. cholerae MAK757 under different growth conditions. In the control set, mid-exponential-phase cells of MAK757 were infected with $72 at a multiplicity of infection 0.1 and kept at 30 O C for 5 min, after which platings for unadsorbed phage count and the 0 min plaque count were done (after appropriate dilutions). The phage infection cycle was allowed to proceed at 30 OC. Phage platings were done every 10 min until 70 min. In another set, the cells were infected with phage at 30 OC for 8 min and then heat-shocked to 42 OC. The third set involved a heat shock to 42 O C for 8 rnin before infecting the cells with phage. In both cases the rest of the infection cycle was allowed to proceed at 42 "C. The burst size for each set was calculated and compared.
Protein labelling. I/. cholerae cultures were grown overnight in MM9 medium without Casamino acids but supplemented with an amino acid mixture according to Maloy (1990 proteins was determined by TCA precipitation as described previously (Ghosh e t al., 1978) .
Protein gels. Aliquots (1 ml) of cells either unlabelled or labelled with [35S]methionine (as described above) were withdrawn at various times after the heat shock treatment, chilled to 0 OC and then pelleted by centrifugation. The cell pellet was lysed in 40 pl sample buffer. Sample buffer contained, per 100 ml: 10 ml TBS buffer (0.41 M Tris, 0.40 M boric acid, 1 %, w/v, SDS, pH 8-64), 5 g sucrose, 185 mg EDTA, 5 ml 2-mercaptoethanol, 1.9 g SDS (Dascher et al., 1990) and 5 ml glycerol. The total protein content of samples was assayed according to Bradford (1976) . The samples were then analysed on a vertical SDS-polyacrylamide gel with a 4 % (w/v) stacking and an 8%, 10% or 12.5% (w/v) resolving gel (Laemmli, 1970 ). Gels were fixed and then either stained with Coomassie brilliant blue or autoradiographed after fluorography with DMSO/PPO (Sambrook et al., 1989) . Densitometric scans of the autoradiographs were performed with a laser densitometer (LKB Bromma 2202). Molecular mass determinations of the protein bands with respect to the standard markers were determined using the program SEQAIDII.
Western blotting. Protein samples electrophoresed on an 8 % SDS-polyacrylamide gel were trans blotted onto a 0.45 pm nitrocellulose membrane filter (Advanced Microdevices) using a Bio-Rad electroblotter. Primary antibodies, anti-DnaK and anti-GroEL, that had been raised in rabbits (obtained from D r Southern hybridizations. Genomic DNA of I/. cholerue MAK757 was prepared (Mekalanos, 1983) and digested with various restriction enzymes according to the manufacturer's instructions. The DNA fragments were resolved on a 0.7% agarose gel. The gel was processed as described in the Hybond Instruction Manual (Amersham), with a few modifications. The depurination was done for 30 min, denaturation and neutralization were for 1 h each and blotting was done using 10 x SSC. The nylon membrane was dried and baked for 2 h at 80 OC. The hybridization was carried out at 58 OC. The probes, 5.3 kb HindIII fragment of pBR-dnaK+ (Bardwell & Craig, 1984) for dnuK, 0.9 kb HindIII fragment of pXM86 (Bardwell et a/., 1986) for dnaJ, 1.6 kb EcoRI-HincII fragment of pGB2-grpE+ (Churchward et a/., 1984) for grpE, and 8 kb EcoRI fragment of pLSl (Chandrasekhar et a/., 1986) for both groEL and groES, were labelled with 32P by nick-translation (Rigby et u/., 1977) . Washings were done at room temperature for 10 min, and the blots exposed for autoradiography at -70 OC.
Reproducibility. All the protein labelling, blotting and hybridization experiments were repeated at least three times.
Results of typical experiments are presented.
RESULTS

Effect of heat shock on the growth of V. cholerae MAK757
Viability of V. cbolerae MAK757 grown at 30 "C after temperature shifts to 42 "C, 45 "C or 50 "C was determined ( Fig. 1) . A drastic reduction in viability resulted when cells were heat-shocked to 50 "C : more than 99 % of the cells were killed within 5 min of shift-up. In contrast, only a marginal loss of viability was observed at 42 "C even after 20 min; moreover, cells were able to recover quickly and the cell doubling time decreased from 40 min at 30 "C to 15 min at 42 "C. A temperature shift-up to 45 O C resulted in nearly 50% killing within 20 min with no subsequent recovery. Based on the above results and in order to have an appreciable temperature differential, 42 "C was used as the heat shock temperature for the studies reported in this paper.
Influence of heat shock on the effect of subsequent exposure of V. cholerae to heat and UV radiation derivatives of E. coli, however, do not acquire thermotolerance . To examine the situation in I/. cbolerae, a culture growing exponentially at 30 "C was heat-shocked to 42 O C for 20 min prior to its exposure to 50 "C. The heat-shocked cells became much more resistant to the killing effects of thermal stress, compared to the control (Fig. 1 ).
Heat shock can also confer resistance to UV in yeast and in some strains of E. coli, namely the K12 derivatives. However, it made E. coli B more sensitive to UV . Heat shock thus produces opposite effects in K12 and B strains of E. coli in respect of their response to UV and thermal stress. When the response of I/, cbolerae to UV after heat shock was examined, it was found that heat shock made the cells more sensitive to UV (data not shown). The response of heat-shocked V. cbolerae towards both UV and thermal stress was thus similar to that of E. coli B. 
Heat shock and cholera phage growth
An aspect of the heat shock response in E. coli is that if cells are adapted to grow at a high but non-lethal temperature before being infected with a phage, then the progeny virus yield at that temperature greatly increases (Wiberg et al., 1988) . We used the temperate cholera phage 472, with a double-stranded DNA genome of 38 kb (our unpublished observation) to examine this aspect of the heat shock response in I/. cbolerae. Adaptation of I/. cbolerae to 42 "C for 8 min prior to infection with 472 led to only a marginal increase (1 -5-1-6 fold) in progeny virus yield, compared to the control where cells grown at 30 "C for several generations were infected for 8 min before being shifted to 42 O C (data not shown). 
Effect of heat shock on protein synthesis
When an exponential-phase culture of I/. cholerae MAK757 growing at 30 "C was shifted to 42 "C, no reduction in the overall rate of protein synthesis was
On: Wed, 16 Jan 2019 04:19:34 (Figs 2 and 3, lane 2) , while the enhanced synthesis of the second class of proteins, viz. bands 2 and 6, required between 14 to 28 min at the elevated temperature (Figs 2 and 3 , lanes 5 and 4, respectively).
The 22 proteins in the first temporal class could be subclassified into three groups based upon their patterns of synthesis. The first sub-group of proteins (bands 1, 7, 9, 11,12,14, 15,17-20,22 and 23) showed a rapid burst of synthesis, followed by a transient decline and subsequent recovery (Figs 2 and 3) . The second sub-group comprised those proteins which continued to be synthesized at a steady rate for 21 min or more after the heat shock; proteins represented by bands 3 , 4 , 5 , 8 and 21 (Figs 2 and  3) , of which bands 3 and 5 (68 and 60 kDa) were subsequently identified as the DnaK and GroEL homologues, were in this class. The third sub-group comprised the proteins (bands 10, 13, 16 and 24; Figs 2 and 3) whose synthesis showed a decline after the initial burst during the first 7 min at 42 "C (Figs 2 and 3) . and 3a) declined transiently after the heat shock and then resumed again.
Identification of Hsps
A comparison of the molecular masses of proteins of I/. cholerae that showed enhanced synthesis upon heat shock with those of E. coli revealed that a number of Hsps from these two organisms had similar or identical molecular masses. Two I/. cbolerae proteins which showed maximal enhancement (bands 3 and 5 in Figs 2 and 3) had molecular masses around 68 and 60 kDa respectively, similar to the 68 and 62.9 kDa of the E. coli Hsps DnaK and GroEL. T o determine whether the I/. cbolerae proteins were indeed the homologues of DnaK and GroEL of E. coli, Western blot analysis was carried out with antibodies prepared against the E. coli DnaK and GroEL proteins (Fig. 4) . The 68 kDa Hsp of I/. cbolerae showed strong cross-reactivity with the E. coli DnaK antibodies (Fig. 4a) while the 60 kDa protein reacted strongly with E. coli GroEL antibodies (Fig. 4b) . Further, the presence of bands of reasonable intensity corresponding to these proteins in the control lane (Fig. 4a, b , lane 3) indicated that these proteins are synthesized constitutively in I/.
cbolerae. The protein in E. coli which cross-reacted with E.
coli anti-GroEL antibodies showed an apparent molecular mass of 60 kDa, the same as that shown by the I/. cbolerae GroEL homologue (Fig. 2, band 5, Fig. 4b ). This value differs from the reported value of 62883 Da for the E. coli GroEL based on the sequence data (Neidhardt & Van Bogelen, 1987) . This difference perhaps reflects the discrepancy between the true molecular mass based on the sequence data and the apparent one as determined by SDS-PAGE. Depending upon the SDS-PAGE conditions used in different studies, a range of values (56 to 70 kDa) has been reported for GroEL (Visentin e t al., 1977; Georgopoulos & Hohn, 1978; Hendrix & Tsui, 1978; Pedersen et al., 1978; Hendrix, 1979; Hohn e t al., 1979; Neidhardt e t al., 1981) . It is therefore possible that the true molecular mass of I/. cbolerae GroEL is actually closer to 63 kDa rather than to 60 kDa as we found from our SDS-PAGE analysis. It was of particular interest that a clear-cut induction of these Hsps also occurred when I/. cbolerae growing at 30 "C was heat-shocked to 37 "C -the body temperature in humans (data not shown). Despite the fact that the temperature upshift was only of 7 "C, the induction of both DnaK and GroEL proteins in the Western blot was considerable. 
DISCUSSION
The data presented in this paper demonstrate that V. cbolerae exhibits a heat shock response which is quite similar to that displayed by the well-characterized E. coli system. The observation that a 7 O C temperature upshift from 30 O C to 37 O C could trigger the heat shock response in V. cbolerae is significant since 37 O C is the physiological temperature in its human hosts. This phenomenon has been put to ingenious use recently (Taylor et al., 1994) in the construction of live attenuated oral vaccine strains of V. cbolerae. Epidemic strains were first attenuated by deleting the so-called virulence cassette and the RS1 element from these strains. The gene for the immunogenic ' B ' subunit of the cholera toxin was then reintroduced into these under the control of the btpG heat shock promoter, thereby ensuring optimal expression of the ctxB gene in these vaccine strains in the human host.
A total of 24 Hsps could be detected by one-dimensional SDS-PAGE of cells shocked from 30 O C to 42 O C . Many of these proteins had molecular masses similar to those reported for E. coli Hsps, and immunoblotting established the presence in V . cbolerae of homologues of DnaK and GroEL of E. coli. However, unlike in E. cob, where DnaK is induced to a higher level than GroEL (Neidhardt & Van Bogelen, 1987) , in V. cbolerae GroEL was induced to a higher level than DnaK (Fig. 3 ). An interesting observation was that unlike in E. coli, where these genes are activated to a maximal level about 5 min after a shiftup in temperature and then decline to a new level only slightly higher than that before the temperature shift-up, in V. cbolerae these genes continued to be expressed at a much higher level after the heat shock, compared to the control, during the entire period (28 min) of study (Fig. 2 and UV sensitive as a result of heat shock. The ability of E. coli B to develop thermal resistance and UV sensitivity after a heat shock treatment has been traced to the absence of the lon gene in this organism . No information on the status of this gene in I/. cbolerae MAK757 is available, but it is tempting to speculate, on the basis of our results, that MAK757 could be a naturally occurring lon strain. It ought to be mentioned, however, that even though the induction of thermotolerance in I/. cbolerae coincided with the induction of Hsps, in the light of recent evidence in E. coli (Ramsay, 1988) and yeast (Cavicchioli & Watson, 1986) it cannot be concluded unequivocally that the observed thermotolerance in V. cbolerae was a direct consequence of the heat shock response.
One aspect of the heat shock response in which V. cbolerae differed significantly from E. coli was in the effect of heat shock on phage yield. While a great enhancement in progeny virus production is observed in heat-shocked E.
cob (Wiberg et al., 1988) the effect was only marginal in I/. cbolerae.
After this paper was submitted a report directed at identifying the major heat shock antigens of V. cbolerae was published (Sahu e t al., 1994) . Although the results obtained are in broad agreement there are a few points of disagreement. Sahu et al. (1994) found that 16 Hsps are induced in I/. cbolerae 569B as the result of temperature shift-up. In contrast we found that a total of 24 proteins are inducedlsynthesized de notro in I / . cbolerae MAK757 after the cells are shifted from 30 O C to 42 OC. These include those reported by Sahu e t al. (1994) , plus another eight which were not detected by them. We were able to identify these, using a combination of 10.0 and 12.5 % SDS-PAGE. Since these patterns were obtained reproducibly, the discrepancy could perhaps be attributed to the different strains used. We observe that the 16 kDa Hsp is one of the three major Hsps induced upon heat shock, the other two being DnaK and GroEL. This observation concurs with that of Sahu e t al. (1994) , though it differs from their observation that this 16 kDa Hsp could be detected at a very low level on overloaded gels if a laboratory-maintained culture of I/. cbolerae 569B was used. We could obtain a very strong induction of this Hsp in the laboratory-maintained culture of MAK757 (Fig. 2, band 21 ). Once again we do not know the reason for this difference. It could possibly be because of some difference in the classical 569B and El Tor MAK757 strains of I/. cbolerae. The third point where our results differ is in the kinetics of induction of some Hsps. Sahu e t al.
(1 994) reported that all Hsps are induced within 10 min of temperature shift-up, whereas we could detect the induction of two proteins (bands 2 and 6, of 78.6 and 58.2 kDa; Figs 2 and 3) only after 21 and 14 min of heat shock respectively. These differences apart, most of the results presented in the two papers are complementary and there is broad agreement wherever there is an overlap.
In conclusion, it may be stated that even though E. coli and I/. cbolerae diverged some 670 million years ago (Yamamoto e t al., 1987) , V. cholerae responds to heat shock in a manner very similar to E. cob, and almost all the proteins which make up the chaperone machinery in E.
coli are also present in this organism.
